Received for publication 15 May 1972 Extracts of canine liver inhibited growth of infectious canine hepatitis (ICH) virus, a canine adenovirus. Purified extracts from mammalian, but not avian, liver tissue contained the inhibitor, and evidence is presented that the inhibitory factor is the enzyme arginase (arginine ureohydrolase). This study further emphasized the need for arginine in adenovirus growth and may explain some of the difficulties in isolating small amounts of ICH virus from suspensions of liver.
During studies on pathogenesis of infectious canine hepatitis (ICH) virus in this laboratory over a period of several years, two unexplained observations have been made. (i) The degree of illness and mortality rates of dogs inoculated with suspensions of infective liver generally were lower and variability in clinical response appeared greater than those of susceptible dogs inoculated by the same routes with comparable doses of virulent ICH virus propagated in dog kidney cell (DKC) cultures. (ii) When titrations of liver tissue suspensions (usually 10 to 20%-o) taken from dogs at various stages of illness were performed, cytopathic effects (CPE) in DKC cultures generally occurred earlier, and were more pronounced, at dilutions greater than 1:10, especially when amounts of virus in this organ were low. These observations were given little attention until recently, when Lee (13) considered possible reasons for failures to isolate ICH virus from liver tissue samples obtained from guinea pigs after parenteral inoculation with large viral doses. This animal has been reported to be susceptible to this virus (24) . The possibility of a viral inhibitor in guinea pig tissues then was considered, and a search for inhibitory activity in triturated guinea pig liver revealed a heat-labile proteinaceous substance that reduced ICH viral CPE in DKC cultures greater than 1,000-fold (13) . Viral growth was inhibited, but to a somewhat lesser extent. Inhibitory activity also was found in homogenate preparations and in ammonium sulfate extracts of normal liver but not from other organs obtained from various animals (dog, cat, rabbit, pig). Although the mode of action had not been determined, it was found that the viral inhibitory factor did not act extracellularly, for viral neutralization and interference with absorption to DKC could not be demonstrated. The liver inhibitor was found active against a variety of other deoxyribonucleic acid (DNA) viruses, but it had very little effect on growth or CPE produced by selected ribonucleic acid viruses.
In further studies on the mode of viral inhibition by liver extracts (LE) prepared from normal dogs, it occurred to us that arginase might be involved. This enzyme is found almost exclusively in the liver of mammals, and its substrate, L-arginine, has been demonstrated as an essential amino acid for replication of several DNA viruses, including members of the adenovirus (8, 20) , herpesvirus (3, 11) , and papovavirus (10, 23) groups. A reovirus (14) also has been reported to require arginine for synthesis of infectious virus. As early as 1963, adenovirus replication was shown to have an absolute requirement for arginine; without it there was no net viral synthesis (20) . This important observation emphasized the necessity for utilizing cell cultures for adenovirus growth that are free from arginine-utilizing microorganisms. Studies on the mechanism of arginine dependence for adenovirus replication have been reported recently (8) .
In this report, data are presented that indicate arginase as the principal canine adenovirus inhibitor found in extracts from liver tissue. (15) . Acrylamide gel electrophoresis was done by the method described by Davis and Ornstein (6), using 10-cm columns of 7.5% polyacrylamide gel (Eastman reagents) and 0.2-ml amounts of test sample material containing approximately 0.1 mg of protein dissolved in 20% sucrose. Electrophoresis was carried out at 5 mA per gel column until the tracking dye (bromophenol blue) had reached the end of the column, usually after 2.5 or 3 hr. Gel columns were removed from the glass tubing and stained with 0.05% Coomassie brilliant blue (R250) in 10%c trichloroacetic acid for 3 hr, followed by repeated washes with 7% acetic acid until clarified. In some instances, slices of unstained gel that corresponded to replicate samples that had been fixed and stained were eluted into 0.1 Ni Tris-hydrochloride buffer, pH 7.0, and tested for arginase and ICH virus inhibitory activities. Sedimentation behavior of LE fraction VI was examined by the sucrose gradient centrifugation technique described by Martin and Ames (16) . By this method, utilizing two characterized enzymes as markers (alkaline phosphatase and beef liver catalase), the sedimentation coefficients of these enzymes could be compared. Their molecular weights then could be roughly estimated. Linear sucrose (5 to 20%) gradients in PBS were prepared in 5-ml Lusteroid tubes and stored at 4 C for 4 to 5 hr before use. Samples (0.2 ml per gradient) of an enzyme mixture in PBS were layered on each gradient. Each mixture contained (per 0.2 ml) 0.1 mg of alkaline phosphatase (Worthington), 0.4 mg of dog liver fraction VI (arginase activity), and 0.1 mg of beef liver catalase (Sigma, St. Louis, Mo.). The SW39 rotor (Beckman, Palo Alto, Calif) was run at 37,500 rev/min for 11 hr at approximately 5 C. At the end of the runs, 10-drop fractions were collected, using a device similar to that described by Martin Fig. 1 . The LE fraction used (fraction IV, 2.5 mg of protein/ml) had been shown in preliminary tests to inhibit growth of 500 TCID50 ICH virus at a dilution of 1:128 and arginase activity (,umoles of urea per mg of protein per 30 min) was 46,700.
Relationship between LE-inhibitor and arginase. In Table 2 104 5 TCID50 ICH virus. Set II (inhibitor control) was treated with 0.1 ml of a 1:10 dilution of dog LE (fraction VI) plus virus. Set III was the same as Set II, but each culture was supplemented with 10 mg of arginine-HCl adjusted with 0.1 N NaOH to pH 7.0. At intervals following virus inoculation, duplicate cultures were frozen and thawed three times and then titrated for viral infectivity. Results (Fig. 3) indicate the reversibility of the LE viral inhibitor by arginine.
Characterization of the canine liver ICH viral inhibitor. The viral inhibitor was precipitated by 60 to 65%, but not by 50% saturated ammonium sulfate. Full inhibitory activity also was retained by precipitation with 37.5 % cold acetone. It withstood heating for 5 min at 56 C, but was inactivated by boiling for 1 min or by heating for 5 min at 70 C. Polyacrylamide gel electrophoresis of fraction VI revealed a principal, heavy band that corresponded to a similar one obtained when approximately the same quantity of beef liver arginase was subjected to electrophoresis (Fig. 4) . In both preparations there were two additional very faint bands that did not correspond. Although it was possible to elute a portion of the original arginase activity from corresponding areas of a pair of unstained gel columns, viral inhibitory activity could not be recovered in detectible amounts.
By determining the relative sedimentation rates of dog LE (fraction VI) ultracentrifuged together with beef liver catalase (molecular weight 225,000) and calf intestine alkaline phosphatase (molecular weight approximately 100,000), the S20,w could be roughly estimated. Replicate trials gave similar results (Fig. 5) , indicating, by this method, that the molecular weight of the arginase viral inhibitor was approximately 120,000 with an S20,W value of 5.3. 
DISCUSSION
A great variety of substances and conditions have been described that are capable of interfering with viral growth in laboratory hosts. Of the various nonspecific (nonimmunoglobulin) inhibitors reported active against viruses, excluding interferon, sulfated polysaccharides (heparin, substances present in commercial agar) have been most extensively studied (22) . This class of compounds acts extracellularly, preventing absorption of virus to cells. Similarly, nonspecific, heat-stable inhibitors of various adenoviruses, including ICH virus, have been found in normal bovine, horse, rabbit, and swine serums. These inhibitors were found in the globulin fraction of serum, but were not specific antibody, although they formed nondissociable complexes with various adenoviruses (5, 9) . In the present study, there was no evidence that virus was inactivated extracellularly. The pro- teinaceous inhibitory substance from liver reported active against certain DNA viruses, including ICH and canine herpesvirus, was found in extracts from liver of various normal mammals and acted intracellularly where it was postulated that it interfered with viral synthesis in an unknown manner (13) .
Data introduced in the present study extend the observations of Lee (13) and indicate that the principal inhibitor of ICH viral growth found in liver extracts is arginase. Although definitive studies of the nutritive requirements for adenovirus synthesis are not available, certain amino acids such as arginine (8, 23) and methionine (18) have been shown essential for viral growth. Adenoviruses contain an internal nucleoprotein component which is approximately 23 moles percent arginine (12, 21) , and it has been suggested that this amino acid may be an important factor in limiting synthesis of members of this viral group, as well as others. Recent studies by Everitt et al. (8) have confirmed the necessity of arginine for adenovirus type 2 synthesis. They showed that both cell and viral synthesis was severely impaired by complete arginine deprivation, which was reversible by addition of arginine. It was hypothesized that arginine deficiency in adenovirus infection interfered with synthesis of host-or virus-derived proteins made early in the infectious cycle. In the studies reported here, the mechanism of inhibition of ICH viral formation by liver ex-tracts was not investigated, for experiments were were done under conditions considered adequate for cell growth, but not optimal for arginase activity. Nevertheless, there was strong correlation between the activity of this enzyme and the ICH viral inhibitor. Of significance was the absence of both inhibitor and arginase activities from extracts of liver from avian species. Fowl liver contains less than 0.01 % arginase activity than that of mouse liver (7) . In most mammals, this enzyme is found essentially in liver tissue only, with very small amounts (less than 0.5%,,) in the kidney and testis (7) . Few Ackenhusen (1) reported on an inhibitor of viral and cellular DNA synthesis obtained from an extract of hamster liver. The inhibitor, which interfered with synthesis of Celo virus (an avian adenovirus), had an estimated molecular weight of 31,000. It appears that the hamster LE inhibitor differs from the one reported in this study, since the molecular weight of the inhibitor in canine liver was approximately 120,000. This molecular weight estimation could vary as much as 25%, however, for variances of 10 to 25% may occur, depending on the enzyme standards used (16) . In any case, the dog LE that had viral inhibitory and arginase activities had a molecular weight greater than 100,000 and less than 150,000. The molecular weight of beef liver arginase has been estimated as 138,000 and the enzyme exists in multimolecular forms (7) .
It would be of interest to investigate arginase activity of extracts prepared from cell cultures derived from neoplastic tissues, for an inhibitory proteinaceous substance active against herpes simplex virus (an arginine-requiring virus) recently was found in extracts of Burkitt's lymphoma cells (19) . We have found that the canine LE was equally effective in interfering with growth of canine herpesvirus (13, unpublished 
results).
A biological role for the viral inhibitor in liver is undetermined. However 
